Saisho Y, Manesso E, Gurlo T, Huang CJ, Toffolo GM, Cobelli C, Butler PC. Development of factors to convert frequency to rate for ␤-cell replication and apoptosis quantified by time-lapse video microscopy and immunohistochemistry. Am J Physiol Endocrinol Metab 296: E89 -E96, 2009. First published October 21, 2008 doi:10.1152/ajpendo.90697.2008.-An obstacle to development of methods to quantify ␤-cell turnover from pancreas tissue is the lack of conversion factors for the frequency of ␤-cell replication or apoptosis detected by immunohistochemistry to rates of replication or apoptosis. We addressed this obstacle in islets from 1-mo-old rats by quantifying the relationship between the rate of ␤-cell replication observed directly by time-lapse video microscopy (TLVM) and the frequency of ␤-cell replication in the same islets detected by immunohistochemistry using antibodies against Ki67 and insulin in the same islets fixed immediately after TLVM. Similarly, we quantified the rate of ␤-cell apoptosis by TLVM and then the frequency of apoptosis in the same islets using TdT-mediated dUTP nick-end labeling and insulin. Conversion factors were developed by regression analysis. The conversion factor from Ki67 labeling frequency (%) to actual replication rate (%events/h) is 0.025 Ϯ 0.003 h Ϫ1 . The conversion factor from TdT-mediated dUTP nick-end labeling frequency (%) to actual apoptosis rate (%events/h) is 0.41 Ϯ 0.05 h Ϫ1 . These conversion factors will permit development of models to evaluate ␤-cell turnover in fixed pancreas tissue.
BOTH TYPE 1 AND TYPE 2 DIABETES are characterized by a deficiency of ␤-cells (5, 6, 22, 30) . Pancreas transplantation restores glycemic control in type 1 and type 2 diabetes (10, 26) . However, given the insufficient number of pancreases available for transplantation and the risks of prolonged immunosuppression, restoration of ␤-cells by transplantation is not a viable option for most people with diabetes.
A potential alternative strategy is restoration of ␤-cells through endogenous regeneration. Induction of diabetes in young rodents by ␤-cell toxins or partial surgical pancreas resection has been followed by regeneration of ␤-cell mass and reversal of diabetes (4, 40) . The origin of these ␤-cells has been actively debated: some have proposed duplication of existing ␤-cells, and others have suggested formation of new ␤-cells from a variety of sources (7) . Although ongoing lineage studies will provide insights into the origins of ␤-cells in mice (3, 11, 12, 27, 37) , this approach is not available in humans and does not provide guidance as to the rate of ␤-cell formation that might be anticipated in humans. Thus, although there is indirect evidence that there might be ongoing ␤-cell formation in adult humans with type 1 diabetes (22) , there is no information as to rate of ␤-cell turnover in human pancreas. Although methods do exist for detection of ␤-cell replication and ␤-cell apoptosis, these methods cannot yet be used to compute the rate of ␤-cell replication or apoptosis in humans.
Incorporation of labeled nucleotides [bromodeoxyuridine (BrdU)-labeling index], which has been used to estimate the ␤-cell replication rate in rodents (15, 38) , cannot be used in humans, since it requires administration of BrdU (a toxic and mutagenic substance) before pancreas collection. Moreover, BrdU can disturb the cell cycle, and its use cannot distinguish cell replication from DNA repair (7) . Immunostaining of the nuclear protein Ki67 is an alternative method for quantification of the frequency of cell replication. Ki67 is expressed in all phases of the cell cycle, except the resting phase (G 0 ) and for a short period at the beginning of the G 1 phase (7). Ki67 is not detected during DNA repair. Therefore, although Ki67 labeling is more sensitive and specific as an estimate of the frequency of ␤-cell replication than use of BrdU (7), it does not provide a rate of replication.
TdT-mediated dUTP nick-end labeling (TUNEL) determined by immunohistochemistry is the most widely used approach to quantify cell death and has the advantage in this regard, in that it detects apoptosis and necrosis in tissue samples (9, 18) . In common with Ki67 staining, TUNEL permits evaluation of the frequency, but not the rate, of cell death in a tissue of interest.
The goal of the present studies was to establish conversion factors that would provide 1) the rate of ␤-cell replication from the frequency of ␤-cell replication determined by Ki67 and insulin immunostaining and 2) the rate of ␤-cell apoptosis from the frequency of apoptosis detected by TUNEL and insulin immunostaining. These goals are important, because they must be accomplished before models intended to quantify ␤-cell turnover in humans can be developed.
MATERIALS AND METHODS
Study design. Our strategy involved use of time-lapse video microscopy (TLVM) to directly quantify the rate of ␤-cell apoptosis or replication and then fix that tissue and employ immunohistochemistry to determine the corresponding frequency of ␤-cell replication or apoptosis. The requirements for this strategy are as follows.
First, we established conditions in which steady-state rates of ␤-cell replication or ␤-cell apoptosis were present for Ն24 h in pilot experiments using INS-1 cells and isolated islets. Second, we established conditions in which we could reproducibly identify ␤-cells during TLVM from the subsequent immunostaining of islets (for insulin). Third, we needed to observe ␤-cell replication and apoptosis at a variety of rates to establish a relationship between these two parameters. This was particularly challenging for ␤-cell replication in islets, since we discovered (as have others recently) that, even in rodent islets, ␤-cell replication is rare in adults. The challenge was overcome by use of islets from rats at 1 mo of age, when the postnatal expansion of ␤-cell numbers through ␤-cell replication is still occurring.
Having established these conditions, we studied juvenile rat islets under steady-state conditions of ␤-cell replication and ␤-cell apoptosis and then immunostained these same cells with Ki67 and insulin or TUNEL and insulin, respectively. From the resulting merged images, we established the relationship between the steady-state rate of ␤-cell replication (by TLVM) and frequency of insulin-and Ki67-positive cells by immunofluorescence. Similarly, we established the relationship between the rate of ␤-cell apoptosis (by TLVM) and the frequency of TUNEL-positive ␤-cells by immunofluorescence. The frequency of TUNEL-positive cells in isolated islets (0.20 Ϯ 0.06%; Table 2 ) was low compared with the frequency of Ki67-positive cells (5.9 Ϯ 1.4%; Table 1 ). Therefore, we also used a cytotoxin-treated ␤-cell line to increase the rate of apoptosis and provide a wider range of apoptosis rates to more reliably establish a relationship between the frequency of TUNEL-positive cells and the observed rate of ␤-cell apoptosis by TLVM.
Rat islet isolation and culture. All animal studies were approved by the University of California Los Angeles, Animal Research Committee. Pancreatic islets were isolated from 1-mo-old male SpragueDawley rats (Charles River Laboratories, Wilmington, MA). The rats were euthanized by inhalation of isoflurane (Abbott Laboratories, North Chicago, IL), the bile duct was cannulated, and Hanks' working buffer with liberase (0.23 mg/ml, catalog no. 1815032; Roche Diagnostics, Mannheim, Germany) and DNase (0.1 mg/ml, ϳ2,000 U/mg; catalog no. 104159, Roche Diagnostics) was directly infused into the pancreas (ϳ2 ml) in situ through the bile duct to uniformly distend the pancreas. The pancreas was resected, fat was trimmed from the pancreas, and the whole organ was placed in a 20-ml vial containing 5 ml of the same buffer and digested to permit separation of islets from exocrine tissue in a 37°C shaker for 18 min. The pancreas tissue digest was dispersed by vigorous shaking and washed four times in Hanks' buffer and subjected to Histopaque (catalog no. 10771; Sigma, St. Louis, MO) gradient separation. After centrifugation, the medium-Histopaque interface was collected and washed, and islets were handpicked under microscopic guidance to exclude exocrine debris. Then 30 -50 islets were cultured in a glass-bottomed 35-mm FluoroDish (World Precision Instruments, Sarasota, FL) with RPMI 1640 medium containing 11 mM glucose supplemented with 10% FBS, 100 IU/ml penicillin, and 100 g/ml streptomycin for ϳ4 days to recover from the isolation procedure. To ensure that the cells would not form multilayer clusters, we coated the slides or dishes for TLVM with a human bladder carcinoma cell line (HTB-9) matrix, as described previously (24, 31) . The clock time used in the experiments on these islets during TLVM represents the hours after the cell medium was changed and the islets were placed into the chamber of the microscope for TLVM, with time 0 representing the time at which the medium was changed. Different islets were used for the TLVM studies for ␤-cell replication (experiments 1-5; Table 1 ) and apoptosis (experiments 6 -10; Table 2 ).
INS-1 cell culture and treatment. INS-1 rat insulinoma cells (kindly provided by Dr. Christopher Rhodes) were grown in RPMI 1640 medium supplemented with 10% FBS, 50 M ␤--mercaptoethanol, 10 mM HEPES, 1 mM sodium pyruvate, 2 mM glutamine, 100 IU/ml penicillin, and 100 g/ml streptomycin and cultured at 37°C in humidified air containing 5% CO 2. INS-1 cells were plated onto four-well glass chamber slides (Nalge Nunc International, Naperville, IL) at a density of 3 ϫ 10 4 cells/well and grown to 50% confluency before assay. Just before TLVM experiments were begun, tissue culture medium was changed to fresh medium with or without cytokine mix, and the slide was transferred to the stage of a time-lapse video microscope (model DMIRE2, Leica Microsystems, Wetzlar, Germany). To ensure all INS-1 cells in monolayer, we coated the slides with an HTB-9 matrix.
Rat recombinant TNF␣, IL-1␤-, and IFN␥ (catalog nos. T 5944, I 2393, and I 3275, respectively, Sigma) were diluted in distilled water or 0.1% BSA-PBS solution, and 10 ng/ml TNF␣, 1 ng/ml IL-1␤-, and 10 ng/ml IFN␥ were mixed as a standard dose (100%) of cytokine mix. Fifty, 100, and 200% cytokine mix were used in the study.
TLVM. TLVM was carried out using an inverted microscope equipped with phase contrast and a temperature-controlled and motorized stage (model DMIRE2, Leica Microsystems). The chamber on the stage was maintained at 37°C in 95% air-5% CO 2 saturated with water, similar to a CO2 incubator. The bright-field images of INS-1 cells were acquired using a charge-coupled device camera (Hamamatsu Photonics, Hamamatsu, Japan) at ϫ200 magnification and Volocity (Improvision, Lexington, MA) software and collected at 10-min intervals for 48 h with six fields per treatment, which contained 737 Ϯ 27 (SE) cells in each experiment (total 11,790 cells). The bright-field images of rat islet cells were also acquired at ϫ300 magnification and collected at 10-min intervals for 16 h with 10 -18 fields per dish (see Tables 1 and 2 
for cell numbers).
Analysis of TLVM images. Time-lapse images were merged into a movie and then evaluated for identification of each replication or apoptosis event. The total number of islet cells in each field was counted at the beginning of the study, and then the change in the total number of ␤-cells during the movie was accounted for by the number of replication events subtracted by the number of apoptosis events. Replication was judged to have occurred when a single islet cell divided into two daughter cells (Fig. 1, A and B) . Apoptosis was judged to have occurred when an islet cell rounded up, the nucleus condensed and subsequently fragmented, and the cell cytoplasm disintegrated via cytoplasmic blebs into apoptotic bodies (Fig. 1, C  and D) . Thus the rate of replication and apoptosis was calculated as the number of events per total number of cells per hour ϫ 100 (%events/h). Because, in preliminary studies, most cells that spread from the islet in culture were subsequently shown to be fibroblast-like and insulin negative, we analyzed only the cells within the islet that spread in the monolayer. Although most of the islet cells within these fields subsequently proved to be ␤-cells, a small proportion were not.
To address this issue, we determined the frequency of replication and apoptosis in ␤-and non-␤-cells within these fields of islet cells. Given these data (Tables 1 and 2 ), we adjusted the event rates (replication and apoptosis) observed in these islet fields by TLVM by the ratio of ␤-cells to non-␤-cells and the ratio of the frequency of events in ␤-cells vs. non-␤-cells determined by immunostaining in each experiment. Since Ͼ70% of the islet cells in the selected fields were ␤-cells, this adjustment had only a modest effect on the event rates (Tables 1  and 2 ). Ki67 staining and detection. After completion of the TLVM studies, culture chambers or dishes were immediately washed in PBS and then fixed in 4% paraformaldehyde for 30 min. For immunostaining, sections were washed in TBS, permeabilized using PBS-0.2% Triton X-100, and blocked with blocking buffer, and the slides were incubated with mouse anti-Ki67 antibody (1:50 dilution; catalog no. M7248, Dako, Carpenteria, CA) overnight and then with donkeyderived secondary antibodies conjugated to Cy3 (Jackson ImmunoResearch Laboratories, West Grove, PA). The slides were immunostained with guinea pig anti-insulin (1:100 dilution; Zymed Laboratories, South San Francisco, CA) for 2 h and then with donkey-derived secondary antibodies conjugated to FITC (Jackson ImmunoResearch Laboratories). All slides were mounted with 4Ј,6-diamidino-2-phenylindolecontaining mounting medium (Vector Laboratories, Burlingame, CA). Fluorescent slides were viewed using a Leica DM6000 microscope (Leica Microsystems), and images were acquired using Openlab (Improvision) software. Replication was analyzed by counting Ki67-positive ␤-cells in each islet, which contained 5,037 Ϯ 220 islet cells in each experiment (total 25,184 cells), and expressed as frequency (percentage of ␤-cells; Table 1 ).
DNA staining with TUNEL. After completion of the time-lapse studies, culture chambers or dishes were immediately washed in PBS and then fixed in 4% paraformaldehyde for 30 min. For immunostaining, sections were washed in TBS, permeabilized in PBS-0.2% Triton X-100, and subjected to TUNEL staining by use of an in situ cell death detection kit [12156792910 TMR Red (for isolated islet cells) and 11684809910 AP (for INS-1 cells), Roche Diagnostics]. For islet cells, this reaction was blocked with blocking buffer, and the slides were immunostained with guinea pig anti-insulin (1:100 dilution; Zymed Laboratories) for 2 h and then with donkey-derived secondary antibodies conjugated to FITC (Jackson ImmunoResearch Laboratories). All slides were mounted with 4Ј,6-diamidino-2-phenylindolecontaining medium. Fluorescent slides were viewed using a Leica DM6000 microscope, and images were acquired using Openlab software (1-4) . Apoptosis was judged to have occurred when a cell rounded up (2 and 3) , the nucleus condensed and subsequently fragmented, and the cell cytoplasm disintegrated via cytoplasmic blebs into apoptotic bodies (4). 
where SDy is standard deviation of event rate and y is event rate. These laws were applied to data obtained from studies in isolated islets.
To determine the conversion factors from frequency to event rate, a weighted total least-squares (TLS) algorithm for fitting a straight line (21) was implemented by MATLAB (Mathworks, Natick, MA); this algorithm takes into account the measurement errors affecting frequency and event rate. The intercept was set to zero, because if a 0% frequency is measured after TLVM, that event rate is 0%/h.
RESULTS

␤-Cell replication.
From pilot studies, we noted that rat islets flattened out over ϳ4 days in culture on a bladder cancer cell line matrix, so the edges of the islet were a monolayer that could readily be evaluated by TLVM for replication (or apoptosis) events (Figs. 1 and 2A) . We also noted in pilot studies that ␤-cell replication was very rare in adult (Ն10-wk-old) rat islets but was much more readily identified in islets from juvenile (4-wk-old) rats. The rat islets were removed from conventional cell culture chambers after 4 days in culture following isolation and transferred to the chamber of the microscope for TLVM, with medium change at the time of transfer. The clock time shown in Fig. 2 corresponds to hours after islets were transferred to the TLVM chamber and medium change. In the juvenile rat islets thus studied, the ␤-cell replication rate varied from 0.08 to 0.26 (0.15 Ϯ 0.04% events/h; Table 1 ). The ␤-cell replication rate was at a steady state during TLVM and before fixation of islets for immunostaining (Fig. 2B) . After the TLVM studies, we evaluated the ␤-cell replication frequency in the same islets by Ki67 and insulin coimmunofluorescence. As expected, the majority of islet cells were insulin positive (83 Ϯ 6%; Table 1 and Fig.  2C ). In contrast, cells spreading out of the islet (mostly with fibroblast-like properties) were insulin negative. Within the juvenile rodent islets, the frequency of Ki67-positive cells was greater in insulin-positive than insulin-negative cells (5.9 Ϯ 1.4% vs. 1.3 Ϯ 0.2%; Table 1 ).
The relationship between rate of ␤-cell replication (TLVM) and frequency of ␤-cell replication (Ki67) was linear (r 2 ϭ 0.87, P Ͻ 0.01; Fig. 3A ) and could be described as follows
where y is replication rate (%events/h) and x is Ki67-positive frequency (%). From Eq. 3, if the frequency of Ki67-positive ␤-cells were 1%, we would predict the corresponding rate of ␤-cell mitosis to be 0.025%events/h. These data imply that an average ␤-cell undergoing cell replication is Ki67 positive for ϳ40 h, comparable to the duration observed for other cell types (16, 17, 19, 32, 34, 39, 41) . ␤-Cell apoptosis. ␤-cell apoptosis was evaluated in INS-1 cells and isolated rat islets. In juvenile rat islets, the rate of ␤-cell apoptosis observed by TLVM varied from 0.028 to 0.149%events/h (0.077 Ϯ 0.020%events/h; Table 2 ). The rate of ␤-cell apoptosis increased after cell culture medium change (time 0) but was then relatively stable during TLVM and before fixation of islets for immunostaining (Fig. 2B) . During the last 8 h of TLVM, the rate of ␤-cell apoptosis was at steady state and similar to the corresponding rate of ␤-cell replication. However, despite this comparable rate of ␤-cell replication and apoptosis, the frequency of TUNEL-positive ␤-cells (0.20 Ϯ 0.06%) was much lower than the frequency of Ki67-positive ␤-cells (5.9 Ϯ 1.4%; Table 2 and Fig. 2D) .
The relationship between the rate of ␤-cell apoptosis (TLVM) and the frequency of ␤-cell apoptosis (TUNEL) in juvenile rodent islets was linear (r 2 ϭ 0.77, P Ͻ 0.01; Fig. 3B ) and described as follows y ϭ ͑0.41 Ϯ 0.05͒x (4) where y is apoptosis rate (%events/h) and x is TUNEL frequency (%).
These findings were confirmed in INS-1 cells. In INS-1 cells exposed to 0 -200% cytokine mix, the rate of apoptosis increased in a dose-dependent manner (Fig. 4) . Consistent with prior reports that cells exposed to proapoptotic signals preferentially undergo apoptosis, rather than mitosis (13, 24) , the rate of replication declined in a dose-dependent manner with increasing dose of cytokine mix. The rates of apoptosis and replication remained at steady state from 16 to 48 h (Fig. 4, F  and G) .
When the same slides were subsequently stained for TUNEL, the frequency of ␤-cell apoptosis also increased in proportion to the applied dose of cytokine mix (Fig. 5, A and B) . There was a linear relationship (r 2 ϭ 0.95, P Ͻ 0.01; Fig. 5C ) between the rate of apoptosis (TLVM) and the frequency of ␤-cell apoptosis (TUNEL) in INS-1 cells during the last 16 h of incubation. Moreover, the relationship between rate of ␤-cell apoptosis (TLVM) and frequency of TUNEL-positive ␤-cells [y ϭ (0.38 Ϯ 0.05)x] was comparable to that observed in primary rat islets (Eq. 4). From Eq. 4, if the frequency of TUNEL-positive ␤-cells is 1%, we would predict that the corresponding rate of ␤-cell apoptosis is 0.4%events/h. This relationship implies that, on average, a ␤-cell undergoing apoptosis is TUNEL positive for ϳ2.5 h, a finding that is consistent with published data from other cell types (1, 2, 8, 14, 17, 28, 29 ).
DISCUSSION
In this study, we used TLVM and immunohistochemistry to develop factors to permit conversion of frequency to rate of ␤-cell replication and apoptosis. The conversion factors from the frequency of labeling (Ki67 and TUNEL) to the actual event rate were 0.025 Ϯ 0.003 and 0.41 Ϯ 0.05 h Ϫ1 for ␤-cell replication and ␤-cell apoptosis, respectively.
To determine the conversion factors, we first derived, from replicate data, models to establish errors affecting estimates of frequency and event rate. Then, with use of the TLS algorithm, both errors were simultaneously taken into account in linear regression, and the conversion factors were estimated as the slope of the line (Fig. 3, A and B) . The conventional approach for error analysis, which considers errors affecting only one variable (i.e., frequency or event rate) leads to biased estimates. For example, in replication data, the conversion factor is 0.025 h Ϫ1 with the TLS algorithm, 0.028 h Ϫ1 when only errors in frequency are considered and event rate is assumed error free, and 0.023 h Ϫ1 in the reciprocative situation. The resulting conversion factors are consistent with the available data in other cell types as well as predictions of duration of the cell cycle and apoptosis in ␤-cells. The conversion factors imply that ␤-cells undergoing replication or apoptosis are positive for Ki67 or TUNEL for ϳ40 or ϳ2.5 h, respectively. Although the duration of the process of programmed cell death by apoptosis can be 12-24 h from initiation to cell disintegration, the duration of the final execution phase corresponding to nuclear condensation by light microscopy is several hours on the basis of morphological observation of the epithelial lining of the small intestine in vivo (1, 29) . TUNEL detects only this final execution phase of apoptosis (nuclear fragmentation) and is consistent with our calculated period of 2.5 h.
On a technical note, it is important to emphasize that, in this study and in those in which we have reported the frequency of apoptosis in tissues, we consider a cell to be TUNEL positive only if the nucleus is clearly positive for TUNEL staining and the cell is still distinguishable as a cell. When the rate of apoptosis is high, it is not unusual to observe TUNEL-positive nuclear debris that is no longer within the confines of a cell. This debris presumably remains for variable periods after cell death, depending on the time taken for it to be cleared by macrophages. If this TUNEL-positive debris is included in counts of apoptosis, the conversion factors provided here would not be valid, and the calculated rates of apoptosis would be greatly exaggerated.
The relatively short duration of the TUNEL-positive final commitment phase of apoptosis implies that the frequency of TUNEL-positive cells in most tissues is low. Even a relatively modest increase in frequency of TUNEL-positive cells can correspond to a very significant increase in cell death through apoptosis. In addition, the relatively low frequency of apoptosis determined by TUNEL implies that it is important to evaluate a large cell sample size to minimize sampling and counting errors, since these will be multiplied by the conversion factor. Also, since TUNEL is also positive in necrotic tissue, it is particularly important to obtain tissue that is rapidly fixed after removal. In occasional reports of frequency of apoptosis as high as 3%, the explanation would imply an explosive loss of tissue or, perhaps more likely, the presence of postmortem autolysis.
Although a ␤-cell is TUNEL positive for only a short time when undergoing apoptosis, we report that ␤-cells undergoing replication are Ki67 positive for ϳ40 h. This indicates that if 100% of ␤-cells are positive for Ki67, the doubling rate will be ϳ40 h. Interestingly, this time period is similar to the doubling time of INS-1 cells, in which 100% of cells are in the active cell cycle (G 1 to M phase). Moreover, Russ et al. (33) reported that ϳ30% of human islet cells cultured in vitro with doubling time of 7 days (ϳ150 h) were positive for Ki67, which is consistent with the present conversion factor. Swenne (35, 36) reported that the cell cycle length of fetal islet cells is 14.9 h. Our estimated cell cycle length of juvenile ␤-cells (i.e., time during which they are Ki67 positive) was ϳ40 h. This discrepancy is likely due to different techniques. Swenne used the cell cycle and also with DNA repair, to the extent that the latter is present, cell replication is overestimated and computed cell length is underestimated. Using time-lapse microscopy, we previously reported that the cell cycle length of rat insulinoma cells is ϳ30 h (24, 31) . In theory, in contrast to the use of TUNEL to detect apoptosis, use of Ki67 to detect replication does not require evaluation of such a large number of cells, given the relatively high frequency that would be detected during active ␤-cell replication. This is most readily illustrated by considering an islet in which the numbers of ␤-cells being formed exclusively through replication of existing ␤-cells is equal to the number of ␤-cells undergoing apoptosis. In this circumstance, the frequency of Ki67-positive ␤-cells would be expected to be ϳ20 times the frequency of TUNEL-positive ␤-cells. An important implication of this notion is that comparable precision and accuracy for estimation of the rate of ␤-cell apoptosis and replication would require evaluation of ϳ20-fold more cells for insulin and TUNEL staining than for insulin and Ki67 staining.
The intended purpose of the present studies was to develop conversion factors in the human pancreas. A limitation in this respect is that the studies were performed in rat, rather than human, islets. Although we performed some pilot studies with human islets, they were unsuitable for the present purpose for several reasons. 1) ␤-Cell replication was almost never detected in human islets, even in culture on a cell matrix. Although ␤-cell replication is detectable in human infants, donor islets were available only from adults. 2) In contrast to rodent islets, which are obtained immediately after death of a previously healthy animal, human islets for research are obtained from pancreases procured from terminally ill brain-dead donors after removal of multiple organs (heart, lungs, liver, and kidneys) for transplantation. Moreover, the isolated islets are then typically shipped overnight before use. Perhaps not surprisingly, these human donor islets typically have high rates of ␤-cell apoptosis and often a relatively small proportion of ␤-cells vs. non-␤-cells. Therefore, we concluded from pilot studies that human islets were not suitable for the replication or apoptosis TLVM studies planned here. Moreover, we chose to use juvenile rat islets after we established that the rate of ␤-cell replication from islets obtained during this period of postnatal expansion was sufficiently high to be readily detected, in contrast to islets from adult rats. It is of interest that the frequency of replication by Ki67 and apoptosis by TUNEL staining in these islets closely approximates that in human pancreas obtained during postnatal expansion (20, 23) as well as rodent pancreas procured at the same age (25, 27) . Although we corroborated the findings for apoptosis in a cell line (INS-1 cells) and islets, obviously, the cell line cannot be used to establish a range of frequency of ␤-cell replication, since, by definition, all the cells in the cell line are in the cell cycle.
In summary, we established the conversion factors from frequency of Ki67 and TUNEL labeling (%) to actual event rate (%events/h) in ␤-cells. Since Ki67 and TUNEL labeling are widely used to assess ␤-cell replication and apoptosis in various species, including humans, we believe that these conversion factors will be helpful in development of models to quantify ␤-cell turnover in health and diabetes.
